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Communicated by Dickinson W. Richards, December 12, 1962 It is the purpose of this communication to relate the ultrastructure of heart muscle to its physiological performance as precisely defined by increasing muscle length along the length-tension curve. The ascending limb of the active length-tension curve has been explored with special interest since it is the only physiologically functional portion of the curve. These studies provide support for the view that cardiac muscle shortening occurs by a change of configuration of thin (presumably actin) filaments relative to fixed thicker filaments (presumably myosin). This is consistent with a "folding" model for contraction' but cannot be reconciled with a "sliding" model as proposed for skeletal muscle.2
Methods.-Papillary muscles were obtained from the right ventricles of cats (1.0-1.5 kg) anaesthetized with intraperitoneal sodium pentobarbital (25 mg/kg). Details of this preparation have been described elsewhere.3 Papillary muscles measured 5 to 11 mm unstretched with a crosssectional area (calculated on the basis of weight, assuming the muscle to be a cylinder) of 0.9 to 1.3 mm.2 The muscle was placed in Krebs solution bubbled with a mixture of 95% 02 and 5% CO2. The base of the muscle was firmly fixed while its upper free end was tied by wire to a tension transducer (Statham G1-1000). The tension transducer could be moved with a micrometer stage allowing the length of the muscle to be changed at will. The muscle was stimulated with a Grass Pulse Generator (Model S4). Resting (or passive) and active isometric tension were continuously recorded on a Sanborn multichannel oscillograph.
The initial length (Lo) As muscle length is extended along the ascending limb of the active tension curve, sarcomere length increases with the appearance of an I band. This is shown in Figure 4 . In all instances, increases in sarcomere length are accounted for by lengthening of the I band only. Slight variation in I band width is occasionally noted, but A and H band widths remain constant relative to Lo. At the apex of the active length-tension curve (Figs. 5 and 6 'adtl iaet nywtl h band. On the basis of these and other observations, a "sliding" filament model has been proposed for skeletal muscle contraction.l' 1 This hypothesis maintains that with contraction thin actin filaments slide by thick myosin filaments without major changes in filament lengths or FIG. 4 Papillary muscle as fixed in Fig. 3 in thin (actin) filament configuration relative to thick (myosin) filaments which is the essential postulate of a thermodynamically analyzed "folding" model.' Furthermore, these findings are not consonant with a purely "sliding" model.' 10, 11 The present study also shows that in heart muscle the increases in sarcomere length, and thus the increases in the length of the thin actin filaments prior to the onset of contraction, form the structural basis of the ascending active length-tension curve. This then represents the ultrastructural counterpart of the classical Frank-Starling relation. '3' 14 In overstretched heart muscle (Lo + 100%), the over-all length increment cannot be explained entirely by changes in sarcomere band widths and thus by further lengthening of their filaments. The possibility of slippage of individual heart muscle cells relative to one another may be suggested here.
It should be noted that observations of sarcomere band widths, on which a sliding model for skeletal muscle depends, have been made primarily on the descending limb of the active length-tension curve" and do not furnish an explanation for the ascending physiologically important portion of the curve. Furthermore, the light optical observations made along the ascending portion of the curve do not provide sufficient resolution for accurate definition of band widths.'0' 1 We have re-explored this problem with respect to frog sartorius skeletal muscle using techniques identical to those employed in the present study. On the ascending portion of the active length-tension curve, results analagous to those observed for heart muscle have been found, namely, a change in I band proportional to changes in sarcomere PROC. N 
